Eriophyid mite-transmitted, multipartite, negative-sense RNA plant viruses with membrane-bound spherical virions are classified in the genus Emaravirus. We report here that the eriophyid mite-transmitted Wheat mosaic virus (WMoV), an Emaravirus, contains eight genomic RNA segments, the most in a known negative-sense RNA plant virus. Remarkably, two RNA 3 consensus sequences, encoding the nucleocapsid protein, were found with 12.5% sequence divergence, while no heterogeneity was observed in the consensus sequences of additional genomic RNA segments. The RNA-dependent RNA polymerase, glycoprotein precursor, nucleocapsid, and P4 proteins of WMoV exhibited limited sequence homology with the orthologous proteins of other emaraviruses, while proteins encoded by additional genomic RNA segments displayed no significant homology with proteins reported in GenBank, suggesting that the genus Emaravirus evolved further with a divergent octapartite genome. Phylogenetic analyses revealed that WMoV formed an evolutionary link between members of the Emaravirus genus and the family Bunyaviridae. Furthermore, genomic-length virus-and virus-complementary (vc)-sense strands of all WMoV genomic RNAs accumulated asymmetrically in infected wheat, with 10-to 20-fold more virus-sense genomic RNAs than vc-sense RNAs. These data further confirm the octapartite negative-sense polarity of the WMoV genome. In WMoV-infected wheat, subgenomic-length mRNAs of vc sense were detected for genomic RNAs 3, 4, 7, and 8 but not for other RNA species, suggesting that the open reading frames present in the complementary sense of genomic RNAs are expressed through subgenomic-or near-genomic-length vc-sense mRNAs.
E
riophyid mite-transmitted, multipartite single-stranded RNA plant viruses with negative polarity recently were classified in the genus Emaravirus (1) . The Emaravirus virions are membranebound particles of 80 to 200 nm in diameter, resembling those of Tospovirus. Members of the genus Emaravirus possess four to six negative (Ϫ)-sense genomic RNA segments, with each segment encoding one open reading frame (ORF) in its complementary (ϩ) sense. The RNA-dependent RNA polymerase (RdRp), glycoprotein precursor (GP), nucleocapsid (NC), and putative movement protein encoded by RNAs 1, 2, 3, and 4, respectively, exhibit relatively low but detectable sequence homology among Emaravirus species. In contrast, little or no homology was found among emaraviruses for the protein encoded by RNA 5 (1) . Although emaravirus genomes are multipartite in nature, individual members differ substantially in the number of genomic RNAs they possess. European mountain ash ringspot-associated virus (EMARaV), the type species of the Emaravirus genus (2, 3) , and Rose rosette virus (RRV) (4) are quadripartite; Pigeonpea sterility mosaic virus (PPSMV) (5, 6) and Raspberry leaf blotch virus (RLBV) (7) are pentapartite; and Fig mosaic virus (FMV) (8) (9) (10) ) is a hexapartite virus. The diverse number of genomic RNA segments suggests that emaraviruses evolve by acquiring additional genomic RNAs in order to facilitate precise virus-host and virus-vector interactions for virus survival.
Viruses employ efficient genome expression strategies for the successful invasion of hosts by overcoming the hostile host environment (11) . However, the genome expression strategy of emaraviruses is poorly understood. The accumulation profile of genomic-length virus-and virus-complementary (vc)-sense RNAs and synthesis of messenger RNAs (mRNAs) in infected plants have not been examined for emaraviruses. Moreover, it is not clearly established whether ORFs present in the complementary strand of genomic RNAs directly translate from the genomelength vc-sense RNAs or subgenomic-length mRNAs of viruscomplementary sense.
High Plains (HP) disease, an economically important disease of wheat (Triticum aestivum L.) and maize (Zea mays L.), was first found in the Great Plains region of the United States in 1993 and 1994 (12) . Since then, HP disease has been reported from different regions in the United States, Australia, and New Zealand (13) (14) (15) (16) (17) (18) . The causal agent of HP disease is transmitted by the wheat curl mite (Aceria tosichella Keifer) (19, 20) and was identified as High Plains virus based on double-membrane virus-like particles and a 32-kDa NC protein from partially purified virion preparations (12, 21) . However, subsequent studies renamed the causal agent of HP disease Wheat mosaic virus (WMoV), based on International Committee on Taxonomy of Viruses conventions for naming taxa, and suggested it as a tentative member of the Emaravirus genus (1, 22) . WMoV is a poorly studied virus because attempts to characterize its genome have not been successful, mainly due to the inability to transmit the virus mechanically and difficulty in long-term maintenance of live virus due to complex virus-mite transmission interactions and the annual nature of wheat and maize. Additionally, most of the field-collected samples are often coinfected with eriophyid mite-transmitted Wheat streak mosaic virus (WSMV) and/or Triticum mosaic virus (TriMV). Except for the partial sequence of RNA 3 encoding the NC protein, the genome sequence of WMoV is not available (15, 17, 22, 23) . The unusually low (18 to 31%) amino acid identity of the NC protein with other reported emaraviruses prompted further examination of the phylogenetic relationships of WMoV.
In this study, we examined how the eriophyid mite-transmitted negative-sense RNA plant viruses, with a diverse number of divergent RNA segments, further evolved by determining the genome composition of WMoV. The combination of relatively pure virion RNA and high-throughput RNA sequencing technology allowed us to determine that WMoV contains eight genomic RNA segments, the most found in any known negative-strand RNA plant virus. Interestingly, significant sequence polymorphism was found in an RNA encoding the nucleocapsid protein but not in additional genomic RNA segments. Phylogenetic analysis of NC proteins suggested that WMoV formed an evolutionary link between emaraviruses and members of the family Bunyaviridae. Additionally, the accumulation profile of WMoV-specific RNAs in wheat demonstrated that WMoV produces virus-and vc-sense strands of all genomic RNAs plus subgenomic-or near-genomic-length mRNAs of vc sense for its genome expression.
MATERIALS AND METHODS
Maintenance of WMoV-viruliferous wheat curl mite colony and WMoV-infected wheat tissue. The WMoV-viruliferous wheat curl mite colony was established by collecting wheat tillers with virus-like symptoms from several wheat fields in three western Nebraska counties (Box Butte, Scottsbluff, and Chase) during the 2011 spring season. These tillers were placed in contact with 14-day-old wheat (cv. Millennium) plants in 4-cm-diameter Cone-tainers (Stuewe and Sons Inc.) to enable wheat curl mites to transfer to the new plants. All plants were covered with cylindrical plastic cages with screened vent holes to prevent possible contamination and were maintained in a growth chamber at 25 to 27°C with a 14-h light and 10-h dark photoperiod. Three weeks after infestation, wheat plants were assayed for WMoV infection by reverse transcription-PCR (RT-PCR), using RNA 3-specific oligonucleotides (22) (see Table S1 in the supplemental material). Subsequently, wheat curl mites from WMoVpositive plants were used in a series of single-mite transfers to eliminate possible contamination with WSMV and/or TriMV, followed by mitevirus propagation as described in McMechan et al. (24) .
Nucleocapsid purification and isolation of viral RNA. Symptomatic leaves from wheat infested with WMoV-viruliferous mites were used for partial purification of nucleocapsids as described in Lane (25) , with slight modifications (26) . Viral RNA was isolated from partially purified nucleocapsids as described in Tatineni et al. (26) and analyzed on a 1.2% formamide-formaldehyde agarose gel (27) .
Illumina sequencing library construction. TruSeq RNA library construction of partially purified virion RNA was performed at the Interdisciplinary Center for Biotechnology Research Gene Expression Core Facility, University of Florida, Gainesville, FL, using an Illumina TruSeq RNA sample preparation kit (Illumina, San Diego, CA). Briefly, 1.5 g of WMoV RNA was fragmented using a divalent cation solution and incubated at 94°C. This step was followed by first-strand cDNA synthesis using avian myeloblastosis virus (AMV) reverse transcriptase (Roche, Indianapolis, IN) and random primers (Promega, Madison, WI). Synthesis of double-stranded cDNA was performed using a second-strand master mix provided with the kit, followed by end repair, dA-tailing, and Illumina adaptor ligation. Finally, the library was enriched by 12 cycles of amplification and purified by Agencourt AMPure beads (Beckman Coulter, Brea, CA). The library size and mass were assessed by analysis in a Bioanalyzer (Agilent Technologies, Santa Clara, CA). Typically, a 200-to 2,000-bpbroad library peak was observed, with the highest peak at ϳ500 bp. Quantitative PCR was used to validate the library's functionality, using a Kapa library quantification kit (Kapa Biosystems, Wilmington, MA) with monitoring on an ABI 7900HT real-time PCR system. Illumina MiSeq sequencing. Sequencing was performed using the reagents provided in the Illumina 500-cycle MiSeq, version 2, sequencing kit. Ten microliters of library was mixed with 10 l of 0.1 N NaOH for 5 min. Then the library was diluted to 20 pM in the HT1 buffer provided with the kit. A final dilution to 13 pM was performed with HT1 buffer for a final volume of 1 ml. A volume of 600 l was loaded onto the reagent cartridge for sequencing. Denatured, diluted libraries were sequenced on an Illumina MiSeq benchtop sequencer with the sequencing-by-synthesis technology. Runs were set for "generate FASTQ only" workflow in Illumina Experiment Manager. Reagent cartridges, 500-cycle MiSeq, version 2 (Illumina), were used to sequence libraries with paired-end indexed runs of 251 cycles per read (two 251-cycle reads).
Bioinformatics. The filtered paired-end reads were mapped onto the wheat genome sequence (28) using Bowtie (version 2.1.0) with the "verysensitive" option (29) . To identify the possible adapter contamination, the filtered paired-end reads were mapped onto the UniVec database. The Trinity platform (30) was used for de novo assembly of contigs from reads that were subtracted from the wheat genome. The gene expression levels (the number of reads in a contig) were determined using Bowtie (version 2.1.0) (29) . The numerical values of gene expression were measured by reads per kilobase per million mapped reads (RPKM) to normalize for the number of sequencing reads and total read length (31) .
Determination of the 5= end of genomic RNAs. The exact 5= end sequence of WMoV RNAs was determined using partially purified virion RNA as a template for a 5= rapid amplification of cDNA ends (RACE) system (Life Technologies, Carlsbad, CA). The first-strand cDNA was synthesized using respective minus-sense gene-specific primer 1 of RNAs 1 to 8 (see Table S1 in the supplemental material), followed by column purification, C-tailing of the 3= end of first-strand cDNA, and PCR amplification with minus-sense gene-specific primer 2 of RNAs 1 to 8 (see Table S1 ) and abridged anchor primer, essentially as described in the 5= RACE kit. The PCR products were ligated into pGEM-T Easy vector (Promega), and the inserts were sequenced from 15 to 20 clones per genomic RNA.
Sequence analyses. Pairwise sequence comparisons of WMoV proteins and other reported emaraviruses and selected members of the Bunyaviridae were performed using the ALIGN program from a set of online analysis tools (http://molbiol-tools.ca). Multiple protein sequence alignments were performed with the ClustalW program (32) . Phylogenetic analyses were performed with the MEGA, version 6.0, analysis package (33) using the neighbor-joining (NJ) method with the JTT matrix and pairwise gap deletion, with 1,000 bootstrap replicates as the test of phylogeny.
Northern blot hybridization. Total RNA was extracted from 400 mg of WMoV-infected and healthy wheat leaves as described in Tatineni et al. (34) . Total RNA was separated through 1.2% agarose gels containing formaldehyde, followed by electrotransfer to nylon membranes (Roche). Nylon membranes were probed with digoxigenin (DIG)-labeled virus-or vc-sense RNA-specific riboprobes of WMoV RNAs 1 to 8. Prehybridization and hybridization were carried out in a hybridization buffer containing 50% formamide, 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 2% blocking solution (Roche), 0.02% SDS, and 0.1% N-lauroylsarcosine at 65°C for 2 to 3 h and overnight, respectively. The nylon membranes were immunologically developed using an anti-DIGalkaline phosphatase (ALP) conjugate (Roche), essentially as described by the supplier. The WMoV-specific RNA bands were captured and quantified using a Molecular Imager ChemiDoc XRSϩ with an Image Lab software system (Bio-Rad).
Nucleotide sequence accession numbers. The genome sequence of WMoV has been submitted to GenBank under accession numbers KJ939623 RNA 1), KJ939624 (RNA 2), KJ939625 (RNA 3A), KJ939626 (RNA 3B), and KJ939627 to KJ939631 (RNAs 4 to 8).
RESULTS
Purification of nucleocapsids and RNA isolation. Nucleocapsids were purified from symptomatic wheat leaves at 21 days postinfestation with WMoV-viruliferous mites and from healthy wheat leaves (negative control). A major protein band of 32 kDa was detected from the nucleocapsid preparation of WMoV-infected leaves but not from healthy tissue (Fig. 1A) , suggesting that the nucleocapsid preparation was relatively pure, except for a small amount of wheat proteins.
RNA isolated from the healthy nucleocapsid (mock) preparation contained no discrete RNA bands but did produce a smear toward the bottom of the gel (Fig. 1B) . In contrast, four RNA bands with sizes of 2,300 nucleotides (nt), 1,750 nt, 1,450 nt, and 1,350 nt were found in RNA isolated from the nucleocapsid preparation of WMoV-infected tissue (Fig. 1B) . A faint RNA band of ϳ7,000 nt was found when an excess amount of virion RNA was loaded (data not shown). These data suggested that the RNA isolated from partially purified nucleocapsids from WMoV-infected tissue was relatively free of host RNAs, and it was used for Illumina MiSeq sequencing. Additionally, protein and RNA profiles from partially purified nucleocapsids were similar to those observed by Skare et al. (22), further confirming that the RNA isolated from the nucleocapsid preparation was indeed WMoV genomic RNA.
High-throughput sequencing of the WMoV genome. A total of 14.8 million reads obtained from the Illumina MiSeq run (2 times 250 sequencing cycles), with a mean length of 198 nt, were filtered by removing reads with nucleotide Ns and reads that did not have the minimum quality score of 30 (Q30) per base across the whole read length, resulting in 14.7 million reads. These paired-end reads were further filtered by removing 70.4% of the reads that were matched to the wheat genome (28) . The remaining 4.4 million reads were used for de novo assembly of contigs using the Trinity platform (30) . Twenty-one contigs were obtained, with sizes ranging from 563 to 7,611 nt. As shown in Table 1 , some of the contigs corresponded to fewer reads of 12 to 2,926, with low RPKM expression values of 1.68 to 88.18 (Table 1) ; hence, no further analyses of these sequences were performed. In contrast, nine contigs were found with an abundance of coverage at 100,258 to 498,711 reads with RPKM values of 13,758 to 65,495 ( Table 1 ), suggesting that these contigs might represent the genomic RNA segments of WMoV. Since all previously reported emaraviruses share a 12-nt conserved motif at both ends of their genomic RNA segments (1), the presence of these conserved nucleotides was examined in overexpressed contigs, and a search was performed using blastx of the BLAST program. WMoV genomic RNAs 1 to 5 were named based on their sequence homology to orthologous proteins of other reported emaraviruses, while RNAs 6 to 8 were named in order of decreasing size.
The 6,981-nt contig 19-1 contained the 12-nt conserved motif at both ends and displayed a weak homology with the RdRp-encoding RNA 1 of other emaraviruses; it was therefore designated RNA 1 of WMoV (Table 1) . The 2,204-nt contig 18 contained the 12-nt conserved motif at its 3= end and 5 of the 12 conserved nucleotides at the 5= end and was predicted to encode a protein homologous to GP of other emaraviruses (Table 1) . Therefore, this contig was designated RNA 2 of WMoV. Contigs 27-1 and 27-2 comprised 1,439 and 1,441 nt RNAs, respectively, with coverage of 341,883 and 245,797 reads (Table 1) . These two contigs contained the 12-nt conserved motif at both ends with a significant homology to the WMoV NC protein (22, 23) , suggesting that two consensus sequences of WMoV RNA 3 were present in partially purified nucleocapsid preparation. The 1,671-nt contig 30 contained an emaraviral conserved 12-nt motif at the 3= end but not at the 5= end and was predicted to encode a protein that displayed a weak homology with emaraviral P4, suggesting that this contig represents RNA 4 of WMoV. The 1,715-nt contig 28 comprised the 12-nt conserved motif at both ends and possessed a weak homology with emaraviral P5 and was therefore designated RNA 5 of WMoV.
The remaining three contigs of 1,746 nt (contig 19), 1,434 nt (contig 29), and 1,339 nt (contig 12) RNAs were found with a coverage of 498,711, 170,401, and 190,309 reads, respectively (Table 1) . Contig 19 contained the 12-nt conserved motif at the 3= end but was missing 6 nt at the 5= end, while contigs 29 and 12 comprised the 12-nt conserved motif at both ends, suggesting that RNAs of these three contigs might belong to the WMoV genome. The RNA of contig 19 displayed a weak homology with the RLBV P5, while no significant homology was found for RNAs of contigs 29 and 12 with reported GenBank sequences in a BLAST search. Altogether, high-throughput RNA sequencing of partially purified virion RNA found nine RNA species with abundant reads, and these RNAs likely represent eight genomic RNA species of WMoV with two RNA 3 variants. After the discovery of two consensus sequences for RNA 3, we reexamined the high-throughput sequence reads for possible variants in the consensus sequences of other genomic RNAs of WMoV, but none was found.
Authentication of contigs 19, 29, and 12 as WMoV-specific genomic RNAs. Although contigs 19, 29, and 12 were covered with a large number of reads, it is not clear whether the RNA species represented by these contigs belong to the genomic RNAs of WMoV as no significant homology (except a weak homology for contig 19 RNA) was found with reported emaraviral proteins. Moreover, so far only four to six RNA species have been reported in the genomes of other emaraviruses (1) . Authenticity of the RNA sequences of these three contigs was examined by performing RT-PCR with two sets of primers, using total RNA extracted from two WMoV-infected wheat plants.
Authenticity of contig 19 was examined with the primer pairs H-9/H-10 and H-15/H-16 (see Table S1 in the supplemental material). As expected, 600-and 500-bp products were obtained from total RNA from the infected plants but not from the healthy sample ( Fig. 2) , suggesting that contig 19 belongs to the WMoV genome. Contig 19 was designated genomic RNA 6. Contig 29 was validated with PCR primer pairs H-1/H-4 and H-3/H-2 (see Table  S1 ); 750-and 500-bp products were obtained, as expected, for primer positions from total RNA of the WMoV-infected sample, but no product was obtained from the healthy sample (Fig. 2) . These results indicate that contig 29 is a WMoV-specific RNA; it was tentatively designated genomic RNA 7. Two pairs of primers, H-5/H-8 and H-7/H-6, corresponding to contig 12 were used for its validation (see Table S1 ). As expected for the primer positions in contig 12, RT-PCR products with sizes of 550 and 400 bp were obtained from WMoV-infected samples (Fig. 2) , suggesting that contig 12 is specific to WMoV. This contig was named genomic RNA 8. As a positive control, primers corresponding to RNA 3 of WMoV were used for RT-PCR, obtaining a 400-bp-sized product from infected samples (Fig. 2) . These data revealed that RNAs representing contigs 19, 29, and 12 are genomic RNAs 6, 7, and 8, respectively, of WMoV.
WMoV is an octapartite virus. Sequence analyses revealed that WMoV contains eight distinct RNA species in its genome, the most genomic RNA species reported for any known emaravirus. Each genomic RNA encodes an ORF in the vc strand with various sizes of 5= and 3= nontranslated regions (NTRs) (Fig. 3) . WMoV RNAs 1 to 5 correspond to those found in other emaraviruses, albeit with limited sequence homology, while RNAs 6 to 8 are unique to WMoV, with no significant sequence homology with other emaraviruses. Although six RNA species were reported in the FMV genome (8, 10) , none of the WMoV genomic RNAs 6 to 8 possesses significant homology with FMV RNA 6.
The 5= ends of all eight genomic RNAs were verified by the 5= RACE system. The first 14 nt of all genomic RNAs of WMoV were conserved (5=-AGU AGU GAU CUC CC. . .) and are complementary with the 3= end, with the exception of 2 nt, as observed in members of the Emaravirus and Tenuivirus genera and the Bunyaviridae and Arenaviridae families (1, 35, 36) . The extreme 3= end conserved sequences were found in the contigs of all RNA species obtained by high-throughput sequencing. The 13 nt at the 5= and 3= ends of all emaravirus and orthobunyavirus genomic RNAs are conserved, with two mismatches (1) . RNA 1 is 6,981 nt long and contains a single large ORF between nt 6913 and 98 with 94-and 68-nt-long 5= and 3= NTRs, respectively (Fig. 3) . This ORF encodes a 266-kDa protein (P1) of 2,272 amino acids and has a sequence identity of only 33 to 42% with other emaraviral RdRp proteins ( Table 2 ). The P1 of WMoV contains the following Bunyaviridae RdRp signature motifs: motif A (DXKWS 1114 -1118 ), motif B (QGXXXXXSS 1200 -1208 ), motif C (SDD 1241-1243 ), motif D (KK 1284 -1285 ), and motif E (EFLST 1294 -1298 ), similar to those found in RdRps of other emaraviruses (4, 7). RNA 2 is 2,211 nt long with a single ORF between nt 2132 and 132 that encodes a putative GP protein (P2). This RNA contains 128-and 79-nt NTRs at the 5= and 3= ends, respectively (Fig. 3) . WMoV P2 possesses low (24 to 35%) amino acid identity with other emaraviral GP proteins (Table 2) . A potential cleavage site was predicted between Ala 224 and Asp 225 , which would release 25.7-kDa (GP1) and 50.9-kDa (GP2) proteins as predicted for RRV (4) . RNA 3 contains two variant sequences of 1,439 nt (RNA 3A) and 1,441 nt (RNA 3B) and encodes the 33-kDa NC protein (P3) of 286 (P3-A) or 289 (P3-B) amino acids ( Fig. 3 and 4) . RNA 3A and 3B, respectively, contain a 351-and 352-nt 5= NTR and a 224-and 219-nt 3= NTR (Fig. 3) . It is unusual to have two divergent sequences encoding the NC protein in a purified virion RNA preparation. The P3-A and P3-B proteins possess amino acid identities of 82.6% and 89.0% with a Texas isolate (22) and of 86.4% and 99.0% with a Kansas isolate (23), respectively, of WMoV. The two NC proteins of WMoV displayed 18 to 31% and 13 to 19% amino acid identity with reported NC proteins of other emaraviruses (Table 2 ) and tospoviruses (Table 3) , respectively. WMoV RNA 4 is 1,682 nt in length, encoding an ORF (nt 1570 to 479) of a 42-kDa protein of 364 amino acids (P4). RNA 4 contains 475-and 112-nt-long 5= and 3= NTRs, respectively (Fig. 3) . The P4 possesses 44% amino acid identity with RLBV P4 and only 14 to 23% identity with the P4 proteins of other emaraviruses (Table 2) .
RNA 5 is 1,715 nt long, with a single ORF (nt 1595 to 162) of a 56-kDa protein (P5). RNA 5 contains 158 and 120 nt as the 5= and 3= NTRs, respectively (Fig. 3) . The P5 protein of WMoV possesses 18 to 24% amino acid sequence identity with the P5 proteins of FMV, RLBV, and PPSMV, and the P5 protein has not been reported for EMARaV and RRV. WMoV RNA 6 is 1,752 nt long with an ORF encoding a 58-kDa protein (P6) between nt 1634 and 159 (Fig. 3) . This RNA contains 5= and 3= NTRs of 155 and 118 nt, respectively, lengths similar to those in RNA 5 of WMoV (Fig. 3) . A BLAST search revealed that the WMoV P6 possesses 23% amino acid identity with 72% coverage with the P5 of RLBV but no significant homology with other GenBank sequences. It is interesting that both the P5 and P6 proteins of WMoV possess similar levels of homology with the RLBV P5 protein.
RNA 7 is 1,434 nt long and comprises an ORF (nt 1317 to 403) encoding a 36-kDa protein (P7) of 305 amino acids. It possesses no sequence homology with proteins in GenBank. This RNA contains 399-and 117-nt-long NTRs at the 5= and 3= ends, respectively (Fig. 3) . RNA 8 is 1,339 nt long with a single ORF, and 715-and 93-nt-long NTRs at the 5= and 3= ends, respectively (Fig. 3) . The ORF (nt 1246 to 719) encodes a 21-kDa protein of 176 amino acids that has no sequence homology with any other reported proteins in GenBank.
Heterogeneity in RNA 3 sequence but not in other genomic RNAs. Assembly of WMoV-specific reads into contigs revealed one consensus sequence for each genomic RNA except for RNA 3, for which two consensus sequences were found ( Table 1 ). The sequences of both RNA 3 contigs were covered with an abundance of reads and differed significantly from each other by 12.5% and 11.1% at the nucleotide and amino acid levels, respectively. We further examined RNA 3 divergence by amplifying a nearly complete RNA 3 using a conserved forward primer corresponding to nt 15 to 40 plus an XhoI site and a reverse primer complementary to nt 1419 to 1395 plus a BamHI site. The RT-PCR product from virion RNA was ligated into pGEM-7Zf(ϩ) between XhoI and BamHI restriction sites, and 60 independent clones were sequenced from both ends.
The length of RNA 3 (including the 5= and 3= end sequences that were not present in the RT-PCR product) from the sequenced clones was 1,439 nt and 1,441 nt in 47 and 10 clones, respectively. However, a few additions or deletions in the U-rich region of the 5= NTR resulted in 1,438 nt (1 clone) and 1,440 nt (2 clones) of RNA 3. Sixty sequences aligned by ClustalW that clustered into 50 RNA 3A sequences and 10 RNA 3B sequences further confirm the presence of two divergent RNA 3 sequences at a 5 to 1 ratio. The NC proteins of RNA 3A and 3B differed from each other by 11.1%, with a 3-amino-acid insertion in P3-B at positions 24 and 25 and at the C terminus of the protein (Fig. 4 ). These data demonstrate that the purified virion RNA preparation of WMoV contains two divergent RNA 3 sequences. To determine whether the heterogeneity observed in RNA 3 also exists in other WMoV genomic RNAs, RNAs 4, 5, and 7 were selected as representative RNA segments and amplified by RT-PCR from virion RNA using RNA segment-specific forward (with an XhoI site) and reverse (with a BamHI site) primers positioned downstream and upstream of the 5= and 3= conserved sequences, respectively. The RT-PCR products were ligated into pGEM7Zf(ϩ), and 30 clones per RNA segment were sequenced in both directions. No clone with Ͼ1% sequence divergence from the RNA 4, 5, and 7 consensus sequences was found. The nucleotide and amino acid differences in the total sequence of 30 clones were estimated to be, respectively, 0.07% and 0.04% for RNA 4, 0.02% and 0.0% for RNA 5, and 0.09% and 0.07% for RNA 7. As observed within the RNA 3A and 3B sequences, a few additions or deletions were observed in the U-rich regions of 5= NTRs, and a few random nucleotide substitutions were observed in the coding regions without forming specific sequence groups. These data, together with the absence of divergent consensus sequences for RNAs 1, 2, and 4 to 8 from high-throughput sequencing, suggest that these genomic RNA sequences are nearly homogeneous.
WMoV is a distinct emaravirus. Phylogenetic analysis was performed with the MEGA, version 6.0, analysis package using the neighbor-joining method with RdRp, GP, and NC proteins of all known emaraviruses and representative members of the family Bunyaviridae and the genus Tenuivirus (Fig. 5 ). Phylogenetic trees with RdRp, GP, and NC proteins resulted in similar topologies, with all emaraviruses clustered into two distinct clades (Fig. 5) . WMoV and RLBV formed as sister taxa in a separate clade from other emaraviruses, suggesting that emaraviruses evolved into two distinct lineages. These two emaraviral clades share a most recent common ancestor with members of the genera Orthobunyavirus and Tospovirus (for RdRp and GP) and Tospovirus, Nairovirus, and Orthobunyavirus (for NC protein) (Fig. 5) . Though WMoV and RLBV formed as sister taxa in a clade, these two viruses are distinct from each other, with only 42%, 35%, and 31% amino acid identity between the RdRp, GP, and NC proteins, respectively ( Table 2 ). The two NC proteins of WMoV formed into two separate branches with a strong bootstrap support value in a clade along with RLBV (Fig. 5C) , further confirming the presence of two divergent copies of NC protein. These data suggest that WMoV is a distinct virus, which evolved with eight divergent genomic RNA segments with significant polymorphism in RNA 3 encoding the NC protein.
Accumulation of WMoV-specific RNAs in wheat. The accumulation profile of WMoV-specific RNAs in wheat was examined by Northern blot hybridization using strand-specific riboprobes of genomic RNAs 1 to 8. PCR products of 459 to 971 bp of genomic RNAs 1 to 8 were amplified using RNA segment-specific primers containing the SP6 and T7 RNA polymerase promoter sequences in the forward and reverse primers, respectively (see Table S1 in the supplemental material). Gel-eluted PCR products of RNAs 1 to 8 were used for in vitro transcription to synthesize the virus-or vc-sense DIG-labeled riboprobes with SP6 or T7 RNA polymerase, respectively. The strength and specificity of virusand vc-sense riboprobes for each genomic RNA were examined by including 5 ng of in vitro transcripts (without DIG-labeled nucleotide mix) of each probe in Northern blot hybridization and probing with the virus-or vc-sense riboprobes of respective RNAs. All riboprobes were hybridized with the opposite sense transcript, and both the virus-and vc-sense riboprobes hybridized approximately with the same intensities with in vitro transcripts of the opposite polarity (Fig. 6B) . These data suggest that the riboprobes are highly specific and that the virus-and vc-sense riboprobes of each genomic RNA segment are approximately equal in strength.
Total RNA (200 ng per lane) from WMoV-infected and healthy wheat leaves was used for Northern blot hybridization. The virus-and vc-sense-strand RNA-specific riboprobes of RNAs 1 to 8 readily detected the virus-and vc-sense strands of respective genomic RNAs (Fig. 6A) . Accumulation of virus-sense genomic RNA strands was 10-to 20-fold greater than that of genomic complementary-strand RNAs (Fig. 6A) . Additionally, accumulation of shorter-than-genomic RNAs of vc sense was detected with probes Tables 2 and 3. specific to genomic RNAs 3, 4, 7, and 8 (Fig. 6A) . Shorter-thangenomic vc-strand RNAs most likely represent subgenomiclength mRNAs for the expression of ORFs present in the vc-sense genomic RNA strands. However, subgenomic-length mRNAs were not detected for the genomic RNAs 1, 2, 5, and 6 (Fig. 6A) , and this is most likely due to shorter 5= NTRs and lack of a putative transcription termination signal containing U-rich regions in these RNAs (37, 38) . Our data suggest that each WMoV genomic RNA species produces genomic-length virus-and vc-sense RNAs and subgenomic-or near-genomic-length mRNAs of vc sense in wheat. Taken together, detection of virus-and vc-sense strands of eight genomic RNA segments and of subgenomic-length mRNAs of vc strand for genomic RNAs 3, 4, 7, and 8 in wheat further confirmed that WMoV is an octapartite negative-strand RNA virus that employs subgenomic-or near-genomic-length mRNAs of vc sense for genome expression.
DISCUSSION
The use of relatively pure virion RNA for high-throughput RNA sequencing enabled us to determine that the eriophyid mitetransmitted WMoV comprises eight genomic RNAs, the largest number of genomic RNAs found in any known negative-strand RNA plant virus. Interestingly, we found two significantly divergent RNA 3 consensus sequences, but the additional genomic RNAs were homogeneous in nature. The octapartite nature of the WMoV genome was further confirmed by detecting asymmetric accumulation of virus-and vc-sense strands of all genomic RNAs in infected wheat. Moreover, vc-sense subgenomiclength mRNAs were detected for genomic RNAs 3, 4, 7, and 8.
Proteins encoded by WMoV RNAs 1 to 4 displayed weak homology with the respective homologous proteins of known emaraviruses. The P4 proteins of FMV and RLBV have been demonstrated to be involved in cell-to-cell movement (39, 40) . Based on sequence homology with other emaraviral P4 proteins, it is likely that the P4 of WMoV might also be involved in cell-to-cell movement. Although the P5 and P6 proteins of WMoV are unrelated, both of these proteins displayed 23 to 24% amino acid identity with the RLBV P5 protein in a BLAST search. Additionally, the P5, but not the P6, of WMoV possesses weak homology with the P5 proteins of FMV and PPSMV. It is unusual that two WMoVencoded proteins show sequence homology, though weak, with one protein of RLBV. Perhaps the P5 and P6 of WMoV complement each other's functions in the virus life cycle. The possibility of genomic RNAs 6, 7, and 8 being defective RNAs was excluded because these RNAs do not have sequence homology with any other genomic RNAs of WMoV which likely acts as helper RNAs for defective RNAs. Moreover, these RNAs encode an ORF in vc strands similar to other genomic RNAs, and genomic-length vcsense RNA strands and subgenomic-length mRNAs have been detected (for RNAs 7 and 8) (see below). It is possible that the P5 to P8 proteins of WMoV are involved in the virus life cycle through roles such as virus transport, determination of host range and pathogenicity, suppression of host RNA silencing, and transmission by wheat curl mites.
Members of the genus Emaravirus are unusually divergent, with a variable number of genomic RNA segments (1) . The RdRp, GP, and NC proteins possess weak to moderate identities of 33 to 67%, 24 to 50%, and 19 to 60%, respectively, among members of the genus Emaravirus (Table 2) . Although WMoV genome organization is similar, except for the octapartite nature, to that of other emaraviruses, WMoV-encoded RdRp, GP, and NC proteins are divergent from other emaraviruses, with homologies comparable to those between members of different genera in a family (41) . Based on lack of significant homology of WMoV RNAs 6 to 8 with GenBank sequences, it is possible that WMoV might have evolved by acquiring some or all of these genomic RNAs as virusspecific genes, as shown for Citrus tristeza virus (42) . Although WMoV is distinct from other emaraviruses, it should be maintained as a definitive species in the genus Emaravirus based on similar genome organization, conserved 5= and 3= end sequences, limited sequence homology, and eriophyid mite transmission.
Phylogenetic analyses revealed that WMoV formed a separate clade with RLBV from those of other emaraviruses sharing common ancestors with members of the genera Orthobunyavirus, Tospovirus, and Nairovirus. Additionally, the NC protein of WMoV displayed 19% amino acid identity with that of EMARaV, the type species of Emaravirus, as well as with Impatiens necrotic spot virus, a Tospovirus (Tables 2 and 3 ), suggesting that WMoV formed an evolutionary link between emaraviruses and members of the genus Tospovirus of the family Bunyaviridae.
We found two distinct RNA 3 sequences in virion RNA with 87.5% nucleotide homology. The sequence difference found between these two RNA 3 variants is similar to what is often observed among strains of various other viruses (41) . The presence of sequence heterogeneity in only one of the eight genomic RNA segments indicates that the RNA 3 heterogeneity might not be due to mixed infection of wheat with two strains of WMoV. RNA 3 is the least expected genomic RNA to have heterogeneity because it encodes the NC protein, a structural protein that encapsidates genomic RNAs. It is possible that WMoV might tolerate variations in the NC protein but not in other proteins, and it is not clear why an RNA encoding a structural protein is more flexible than the other genomic RNA segments. What is the advantage for a virus to have two distinct RNA 3 sequences? What is the functional role of the two divergent RNA 3 sequences in virus biology? It is possible that WMoV might have acquired RNA 3A and 3B as the result of functional speciation and that the duplicated RNA 3 species might be involved in closely related but distinct functions. Moreover, the presence of RNA 3A and 3B at a 5-to-1 ratio may reflect their differential functional requirements in virus biology. Perhaps the major (P3-A) and minor (P3-B) components of the NC protein might be required for encapsidation of WMoV in wheat and wheat curl mites, respectively, although it remains to be known whether WMoV replicates in its vector. It has been shown that EMARaV is located internally in the pear leaf blister mite (43) and that Tomato spotted wilt tospovirus replicates in thrips (44) . However, exploring the biological significance of RNA 3 heterogeneity is beyond the scope of the present work. Future studies should shed light on the nature and biological significance of the two RNA 3 variants found in virion RNA. Though we found nine genomic RNA segments with two copies of RNA 3 in a partially purified nucleocapsid preparation, additional experiments are needed to unequivocally claim WMoV as a ninesegment virus.
WMoV replication in wheat might have resulted in 10-to 20-fold more accumulation of virus-sense genomic RNAs than genomic-length vc-sense strands. Furthermore, detection of virus-and vc-sense strands of all genomic RNAs in wheat confirmed the presence of eight RNA segments in the WMoV genome. Detection of virus-and vc-sense strands of RNAs 2 and 3 in WMoVinfected wheat by Skare et al. (22) further supported the synthesis of genomic-length virus-and vc-sense RNAs of all genomic RNAs in infected wheat. Accumulation of virus-sense genomic RNAs in abundant amounts, as is the case for RNA viruses compared to ORF-containing vc-strand RNAs, further confirmed the negativesense polarity of genomic RNAs. Additionally, WMoV genomic RNAs 3, 4, 7, and 8 produced shorter-than-genomic complementary-sense RNAs in wheat, which probably represent subgenomiclength mRNAs for the expression of ORFs present in vc-sense genomic RNA strands. In contrast, subgenomic-length mRNAs were not detected for genomic RNAs 1, 2, 5, and 6, possibly due to a small size difference between the genomic-length vc-sense RNAs and subgenomic-length mRNAs. WMoV genomic RNAs 1, 2, 5, and 6 possess short 5= NTRs without a U-rich region, which may have potential transcription termination signals (37, 38) . Our data suggest that asymmetric accumulation of genomic-length virusand vc-sense RNA strands and production of vc-sense subgenomic-length mRNAs demonstrated replication of all genomic RNAs in wheat and expression of ORFs, possibly through subgenomic-length (for RNAs 3, 4, 6, and 7) or near-genomic-length (for RNAs 1, 2, 5, and 6) mRNAs of vc sense. Previously, it has been reported that mRNAs of FMV RNAs 2 and 3 were generated by a cap-snatching mechanism (45) and that genomic-length virus-and vc-sense RNAs, but not subgenomic-length mRNAs, were detected for genomic RNAs 3, 5, and 6 (10). We demonstrated for the first time that emaraviruses produce subgenomiclength mRNAs that are most likely utilized for genome expression. Additionally, detection of subgenomic-length mRNAs in WMoVinfected wheat could provide a unique opportunity to examine the promotion and termination mechanisms of mRNAs of emaraviruses using WMoV as a model system.
Availability of the genome sequence of WMoV will have practical implications for the management of High Plains disease of wheat and maize. The highly variable nature of the WMoV NC protein (22, 23 ; also this study) may explain why antibodies produced against one strain of WMoV failed to detect some field isolates (15) . The significantly variable nature of RNA 3 suggests that NC protein-based diagnostic methods are unreliable and that serology-or PCR-based diagnostic methods based on other proteins or genomic RNAs would facilitate broad-spectrum and reliable detection of WMoV isolates. Additionally, heterogeneity in RNA 3 suggests that RNA 3-based disease management strategies may have serious consequences on the development of transgenic resistant plants and that WMoV isolates may easily overcome such resistance due to the highly variable nature of RNA 3. Moreover, availability of the genome sequence will facilitate the management of High Plains disease through the development of transgenic plants resistant to WMoV using RNA interference technology.
